Entry into mitosis is a highly regulated process, promoted by the activated Cyclin B1/Cdk1 complex. Activation of this complex is controlled, in part, by the protein kinase Aurora-A, which is a member of a multigenic serine/threonine kinase family. In normal cells, Aurora-A activity is regulated, at least in part, by degradation through the APC-ubiquitinproteasome pathway. It has recently been proposed that, in Xenopus, Aurora-A degradation can be inhibited by phosphorylation. It would thus be expected that a phosphatase activity would release this blockade at the end of mitosis. Here, we have shown that the protein phosphatase PP2A and Aurora-A are colocalized at the cell poles during mitosis in human cells and interact within the same complex. Using the PP2A inhibitor okadaic acid and an RNAi approach, we have shown that this interaction is functional within the cell. PP2A/Aurora-A interaction is promoted by an S51D mutation in Aurora-A and inhibited by a phosphomimetic peptide centered around Aurora-A S51, thereby strongly suggesting that PP2A controls Aurora-A degradation by dephosphorylating serine 51 in the A box of the human enzyme.
INTRODUCTION
Protein phosphorylation is a common mechanism involved in the regulation of many cellular processes, by modifying protein affinities, conformations, and/or recruitment to particular cellular localizations. Eukaryotes express many serine/threonine protein kinases that typically have narrow specificities, whereas they have fewer serine/threonine protein phosphatases that typically have broad spectra of action (Zolnierowicz and Bollen, 2000) . The diversity in phosphatase functions comes from the ability of the highly conserved catalytic subunits to combine with various regulatory subunits and give rise to a large repertoire of hetero-multimeric holoenzymes (Virshup, 2000) .
The protein phosphatase PP2A belongs to the serine/ threonine PP2 phosphatase family that also contains PP2B (also named calcineurin) and PP2C (Lechward et al., 2001) . PP2A is a hetero-trimeric complex composed of various isoforms of three subunits. The 36-kDa catalytic C subunit associates with the 65-kDa structural A subunit to form the core dimer. This dimer is able to interact with one of the several B-type regulatory proteins (B, BЈ, and BЉ), which modulate the holoenzyme activity and substrate specificity (Price and Mumby, 2000; Strack et al., 2002) . The A and C subunits are ubiquitously expressed in mammalian cells (Khew-Goodall and Hemmings, 1988; Hemmings et al., 1990; Mayer et al., 1990) , whereas the expression of the different B subunit isoforms is tissue specific and can target the trimer to different subcellular compartments (Healy et al., 1991; Mayer et al., 1991; Zolnierowicz et al., 1994; Strack et al., 1999) . Numerous functions have been described for the PP2A holoenzyme depending on the B regulatory subunit, including roles in morphogenesis, signal transduction, apoptosis, and cell-cycle progression and control (reviewed by Lechward et al., 2001) . Indeed, PP2A is a key enzyme for the initiation and completion of mitosis. For example, the holoenzyme is required both for the G2/M transition (Lee, 1995; Minshull et al., 1996; Karaiskou et al., 1999) and during mitosis itself. In Xenopus eggs extracts, PP2A activity is required for bipolar spindle assembly and the maintenance of short microtubules during metaphase (Tournebize et al., 1997) . PP2A has also been proposed to play a role in the metaphase-anaphase transition in both mitosis and meiosis (Chaudhuri et al., 1997; Mailhes et al., 2003) . Finally, massspectroscopy-based proteomic analyses have revealed that PP2A is present in human interphase centrosomes (Andersen et al., 2003) , which are crucial for cell division and cell-cycle progression (Rieder et al., 2001 ) because they contain key mitotic kinases such as Nek2 (Helps et al., 2000) and Aurora-A (Gopalan et al., 1997; Goepfert and Brinkley, 2000; Blagden and Glover, 2003; Dai et al., 2003) .
The mammalian protein kinase Aurora-A is a member of a multigenic serine/threonine kinase family. The founding member of this family, Ipl1p, was identified in yeast through mutations leading to increased chromosome mis-segregation (Francisco and Chan, 1994) , and in Drosophila, loss of Aurora function causes the formation of a monopolar spindle due to a centrosome-segregation defect (Glover et al., 1995) . Similarly, loss of Aurora-A activity induces a monopolar spindle in Xenopus without blocking mitosis entry (Liu and Ruderman, 2006) . In mammals, overexpression of Aurora-A was found in breast cancer (Sen et al., 1997) , and its activity is increased in many cancers (breast, ovarian, colon, prostate, neuroblastoma, and cervical cancer cell lines) due to either gene mutation (Kallioniemi et al., 1994; Schlegel et al., 1995) or transcriptional deregulation. Aurora-A localizes to centrosomes, its expression is restricted to G2 and M phases (Gopalan et al., 1997) , and its kinase activity is required for mitotic commitment (Marumoto et al., 2002; Hirota et al., 2003) . Aurora-A interacts with the phosphatase PP1, which negatively regulates its activity by dephosphorylation (Katayama et al., 2001) . Before mitosis entry, the Cdk1/Cyclin B1 complex inactivates PP1, leading indirectly to the activation of Aurora-A. The kinase in turn has a positive feedback on the activity of this complex, which promotes mitosis entry (Hirota et al., 2003) .
In normal cells, Aurora-A activity is at least partially controlled by degradation through the APC-ubiquitin-proteasome pathway (Honda et al., 2000) . Recently, Littlepage and Ruderman (2002) have proposed a degradation model in Xenopus. According to this model, Aurora-A degradation is inhibited by phosphorylation of serine 53, which would be sustained until the end of mitosis. Thus, Aurora-A degradation would depend on a phosphatase activity distinct from PP1. On the basis of the similarities in the localization and functions of PP2A and Aurora-A during mitosis, we hypothesized that the two proteins may interact at this stage, suggesting a possible role for PP2A in controlling the Aurora-A phosphorylation and/or degradation pathway. We present here data suggesting that the direct dephosphorylation of serine 51 (the human counterpart of serine 53 in Xenopus) by PP2A allows Aurora-A degradation at the end of mitosis.
MATERIALS AND METHODS

Cell Culture, Synchronization, and Tests of Proliferation
Chinese hamster ovary (CHO) cells were grown in Eagle's medium with alpha modification (␣MEM) with 10% heat-inactivated bovine serum except where indicated. HeLa cells were grown in DMEM with 10% heat-inactivated bovine serum. For synchronization, exponentially growing cells were blocked in S phase by adding 5 mM thymidine. After 16 h, cells were washed three times in phosphate-buffered saline (PBS) and released in fresh medium for 3 h to allow complete progression through S and G2 phases. Cells were then incubated with 35 ng/ml nocodazole (Sigma-Aldrich, L'isle d'Abeau, France) for 3 h and then washed three times with PBS and reinoculated into fresh medium to allow commitment to mitosis. To compare the abilities of cell lines to proliferate, 2 ϫ 10 4 cells of each line were seeded in six-well plates and counted every day for 6 d.
Flow Cytometry
Cell cycle analysis was performed using flow cytometry (FACS) of propidium iodide-stained cells. Transfected or control cells (roughly 2 ϫ 10 6 ) were incubated in DMEM without serum and supplemented with 1% saponin for 30 min. After a short centrifugation, the cells were resuspended in DMEM containing 1% fetal calf serum, 0.1% saponin, and 50 g/ml propidium iodide (Sigma-Aldrich). The red fluorescence was analyzed using a FACScan flow cytometer and the CellQuest analysis software (Becton-Dickinson, Le Pont de Claix, France). The percentages of G0/G1 and G2/M cells were calculated relative to total in-cycle cells, and SDs were obtained from three independent experiments.
Immunofluorescence
Synchronized cells were grown on coverslips coated with 0.2 mg/ml poly-dlysine (Sigma-Aldrich), washed twice in TBS (20 mM Tris, 137 mM NaCl, pH 7.6), and fixed in TBS/4% formaldehyde for 4 min at room temperature. After three washes with TBS, the cells were fixed again by incubation in methanol for 5 min at Ϫ20°C and washed three times in TBS. Nonspecific binding was blocked by a 45-min incubation in filtered TBS supplemented with 0.1% Tween 20 and 3% BSA. The coverslips were then incubated overnight at 4°C with mixed primary antibodies diluted in 0.1% Tween-TBS, washed three times in 0.1% Tween-TBS, and incubated for 3 h with mixed secondary antibodies diluted in 0.1% Tween-TBS. Finally, the coverslips were washed three times in 0.1% Tween-TBS, once in TBS, and then mounted in Mowiol 4-88 mounting medium (Roth Sochiel, Lauterbourg, France) containing 10 g/ml 4Ј6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). All primary antibodies were used at a dilution of 1:500. The primary mAb IAK1 (antiAurora-A) was from BD Biosciences (le Pont de Claix, France; Cat. No. 610939); rabbit polyclonal anti-Aurora-A was from Calbiochem (VWR International, Fontenay-sous-Bois, France; Cat. No. PC742-100); the mouse monoclonal (clone 1D6), rabbit polyclonal anti-PP2A-C were from Upstate (Chemicon International, Chandlers Ford, UK; Cat. Nos. 05-421 and 06-222); and the rabbit polyclonal anti-␥-tubulin was from Santa Cruz Biotechnology (Santa Cruz, CA; Cat. No. SC10732). All secondary antibodies were purchased from Molecular Probes (Eugene, OR) and used at a dilution of 1:1500. They were labeled either with Alexa Fluor 546 or Alexa Fluor 488. Microscopic images were obtained using a Zeiss LSM510 confocal microscope (Thornwood, NY) with a Plan-neofluar 40ϫ ph3 oil objective, NA 1.3.
Vector Constructions, Transfection, and RNA Interference Experiments
A full-length human Aurora-A cDNA in the pEF6/V5-His TOPO TA plasmid (Clontech-Takara Bio Europe, Saint-Germain-en-Laye, France) was provided by Dr. F. Hans (Grenoble, France). For site-directed mutagenesis, full-length hAurA was amplified by PCR and cloned into the pEGFP-N1 vector (Invitrogen, Cergy Pontoise, France). Mutations were then generated in the Aurora-A-GFP fusion protein using the QuickChange Site-Directed Mutagenesis Kit (Stratagene Europe, Amsterdam, The Netherlands) with the primers indicated in Table 1 .
For RNA interference (RNAi) experiments, 64-base pair primers were cloned into the pSUPER 2 vector encoding Zeocin resistance (to allow selection of stable cell lines) as described by the provider (Oligoengine, Seattle, WA). To knock down Aurora-A, we used primers designed to yield a sequence previously described to down-regulate the kinase upon transient transfection of HeLa cells (Hirota et al., 2003) , as shown in Table 1 along with the control mismatch primers. Because no PP2A-C RNAi experiments have been described previously in mammalian cells, we designed a sequence likely to knock down both the ␣ and ␤ isoforms of PP2A-C by aligning the PP2A-C␣ and PP2A-C␤ coding sequences with the RNAi oligonucleotide sequence previously described for Drosophila. We chose a sequence that matches both PP2A-C isoforms and designed the primers and control mismatch primers described in Table 1 .
Electroporations were performed following Protocol T820 provided for the BTX ElectroSquarePorator (Harvard Apparatus SARL, Les Ulis Cedex, France). HeLa cells were harvested using a mixture of trypsin and 0.5 mM EDTA, washed twice in PBS, and resuspended in PBS at 5 ϫ 10 6 cells/ml. DNA, 20 g, was added to a 400-l sample in a BTX Disposable Cuvette Model 640 with a 4-mm gap. Electroporation was performed using square pulses of 150 V and 99-ms duration. Two pulses were performed. Electroporated cells were immediately transferred to a 24-well plate and incubated for 24 h at 37°C in fresh DMEM supplemented with 10% serum. Stably silenced cell lines [AUR(RNAi) and PP2A(RNAi)] and control lines [AUR(Mm.RNAi) and PP2A(Mm.RNAi)] were selected using Zeocin (Invitrogen) at a final concentration of 1 mg/ml. For transient transfections, HeLa cells in 6-well plates were transfected using ExGen 500 transfection reagent (Euromedex, Souffelweyersheim, France) following the manufacturer's instructions.
For transient RNAi experiments, chemically synthesized RNAs were purchased from Eurogentec (Angers, France) in the desalted, preannealed duplex form. The interfering sequences were identical to those used in the pSuper experiments (see above). One day before transfection, cells were plated in six-well plates and grown at 37°C to 50% confluence in DMEM with 10% serum and without antibiotics. Oligofectamine (Invitrogen) was used for transfections following the manufacturer's instructions. Briefly, a transfection mixture (200 l) containing siRNA (200 pmol) and Oligofectamine (4 l) in serum-reduced Opti-MEM (Invitrogen) was added to each well. Each well was subsequently filled to 1 ml with serum-free DMEM. Cells were incubated in this transfection mixture for 4 h and then cultured further in 2 ml of DMEM supplemented with 10% serum. Two rounds of transfection were performed before synchronization and Western blot analysis.
Okadaic Acid Treatment
Okadaic acid (Sigma-Aldrich) was dissolved in DMSO to a final concentration of 1 M and added to synchronized cells to a final concentration of 1 nM for at least 15 min but never longer than 2 h. After incubation, the cells were washed three times in PBS and prepared for Western blot analysis or immunofluorescence.
Western Blot Analyses
Synchronized cells were lysed in the presence of protease inhibitors either in 25 mM HEPES, pH 7.2, 150 mM NaCl, 5 mM MgCl 2 , 1% Triton X-100, or in 25 mM HEPES, pH 7.2, 150 mM NaCl, 5 mM MgCl 2 , 1% SDS, 1% NP40. Protein quantification was performed using the microBCA method (PerBio Science, Brebières, France). Laemmli denaturing sample buffer (25 l) was added, and a final volume containing 100 g of protein was heated for 15 min at 90°C. Proteins were loaded on a 10% SDS gel, run for 1 h at 100 V, and transferred for 1 h at 100 V to a PVDF membrane. Membranes were blocked for 45 min in TBS containing 5% fat free dried milk, 0.1% Tween 20 and then incubated overnight at 4°C in TBS/0.1% Tween 20 containing monoclonal IAK1 antibody diluted 1:250, monoclonal AC-40 anti-actin antibody (Sigma Aldrich; Cat. No. A3853) diluted 1:100, or polyclonal or monoclonal anti-PP2A-C antibodies (see above) diluted 1:1000. Signals were detected using an horseradish peroxide-conjugated goat anti-mouse IgG or goat anti-rabbit IgG antibody and the ECL chemiluminescence procedure (Amersham Biosciences, Piscataway, NJ). Western blot quantifications were performed using ImageMaser VDS-CL and the 1D gel-analysis procedure of the ImageQuant software (Amersham Biosciences) and normalized against actin. The standard deviations were obtained from three to five independent experiments.
Immunoprecipitation and Peptide Competition
HeLa cells were lysed in TBS supplemented either with 1% Triton X-100 or with 1% NP40 and 1% SDS. Protein-G-coupled beads were incubated for 2 h with 3% BSA in PBS at 4°C. A volume of total lysate containing 500 g of protein was precleared by incubation with 100 l of protein G/BSA beads for 2 h and then with a nonrelevant rabbit immunoglobulin G (Jackson ImmunoResearch Laboratories Europe, Newmarket, United Kingdom; Cat. No. 005-000-003) for 1 h. The mixture was centrifuged for 2 min at 1600 rpm after each step. The cleared supernatant was then incubated for 2 h with either 8 g of the polyclonal anti-Aurora-A antibody (see above) or 4 g of the polyclonal anti-PP2A-C antibody. Protein G-coupled beads, 100 l, blocked with BSA (see above) were then added, and the mixture was rocked gently overnight at 4°C and then centrifuged for 2 min at 1600 rpm. The immunoprecipitated complex was then washed three times in the lysis buffer. For Western blot analysis, samples of the initial total lysate and of the immunoprecipitation supernatant, each containing 100 g of total protein, were heated at 90°C in Laemmli sample buffer and loaded onto the gel. The nonspecific precipitate and specific immunoprecipitate were each resuspended in Laemmli sample buffer to a final volume of 20 l, heated to 90°C, and loaded on the gel.
For the peptide-competition experiment, two peptides were used: a scrambledsequence peptide (H 2 N-NSQRRDLSVCP-COOH) and a specific hAURA-D51 peptide (H 2 N-RVLCPDNSSQR-COOH), which mimicked the phosphorylated form of the Ser-51-containing peptide. The HeLa cell lysate was precleared as described above and split into three fractions containing 500 g of total protein apiece. The first fraction was incubated only with the PP2A-C polyclonal antibody, whereas the second and third fractions were incubated for 6 h at 4°C with 100 M of either scrambled-sequence peptide or hAURA-D51 peptide, respectively, before immunoprecipitation of PP2A-C as described above.
RESULTS
The Catalytic Subunit PP2A-C Is Localized in Centrosomes during Mitosis
To examine the subcellular localization of the protein phosphatase PP2A, we performed immunofluorescence experiments on synchronized mitotic HeLa cells using confocal microscopy and a mAb directed against the catalytic subunit PP2A-C. The phosphatase was detected ubiquitously throughout the cells but was concentrated at the centrosomes and cell poles (Figure 1, A and B) . PP2A-C colocalized approximately with Aurora-A in prophase, metaphase, and anaphase cells ( Figure 1A ) and with ␥-tubulin in metaphase and anaphase cells ( Figure 1B) , but it occupied a somewhat more restricted area than Aurora A and a somewhat broader area than ␥ tubulin. The latter results show that PP2A-C is not strictly restricted to centrosomes at the cell poles.
PP2A-C Interacts with Aurora-A in Mammalian Cells
Given the colocalization of PP2A-C with Aurora-A and the requirement of the kinase for dephosphorylation before degradation, we hypothesized that both proteins might belong to the same complex. To address this question, we immunoprecipitated either Aurora-A or PP2A-C from lysates of synchronized mitotic HeLa cells using stringent conditions (1% NP40 and 0.1% SDS) and specific polyclonal antibodies; the precipitates were then analyzed by Western blotting using monoclonal anti-Aurora A or anti-PP2A-C antibodies. When Aurora-A was immunoprecipitated (Figure 2Aa ), two proteins with molecular weights of 46 and 35 kDa were observed, corresponding to Aurora-A and PP2A-C. These proteins were also detected in the input and the supernatant but not in the precipitate obtained with an irrelevant immu- noglobulin, showing that the coimmunoprecipitation was specific. The smaller amount of PP2A-C than Aurora-A in the immunoprecipitates was consistent with the partial colocalization of the proteins, suggesting that only a limited pool of Aurora-A was associated with PP2A-C at the cell poles. When PP2A-C was immunoprecipitated (Figure 2Ab ), both proteins were again present in the precipitate. The coimmunoprecipitation again appeared to be specific, although a faint signal for PP2A-C could be detected when the experiment was carried out with an irrelevant antibody. These reciprocal immunoprecipitation experiments demonstrated that PP2A-C and Aurora-A physically interact, directly or indirectly. Littlepage and Ruderman (2002) proposed that Aurora-A degradation depends on dephosphorylation of serine 53 in the A box of the Xenopus protein, suggesting that PP2A-C may interact with a region that encompasses the phosphoserine in this position (serine 51 of the human protein). To test this hypothesis, we performed a competition experiment using an 11-amino acid peptide, hAURAD51, that corresponded to the A box region but with Asp instead of Ser at position 51 in order to mimic the phospho-peptide. A control peptide contained the same amino acids but in a scrambled sequence. Immunoprecipitation of PP2A-C was performed as before but in the presence of these peptides in order to characterize their ability to compete with the endogenous Aurora-A and prevent its association with PP2A-C. As expected, Aurora A was coimmunoprecipitated with PP2A-C in the absence of added peptide or in the presence of the scrambled peptide ( Figure 2B ). However, peptide hAURAD51 fully inhibited the coimmunoprecipitation (Figure 2B) , indicating that the peptide competes efficiently with endogenous Aurora A for interaction with the phosphatase. Thus, the interaction of Aurora A and PP2A-C appears to be direct and requires a region that encompasses the A box.
To determine whether the interaction between PP2A-C and Aurora-A indeed depends on the phosphorylation of serine 51, we generated constructs expressing an Aurora-A-GFP fusion protein and mutant forms of this protein in which S51 was substituted either by aspartic acid (AurAS51D-GFP) or by alanine (AurAS51A-GFP). These constructs were transiently transfected into HeLa cells, and protein expression was monitored by fluorescence microscopy (not shown) and by Western blotting (Figure 2C, left) . The Western blots showed that AurA-GFP and AurAS51A-GFP were expressed at comparable levels, that AurAS51D-GFP was expressed at a somewhat higher level, and that the expression of endogenous Aurora-A and PP2A-C appeared to be unaffected. Coimmunoprecipitation experiments using PP2A-C-specific antibody revealed that AurA-GFP and endogenous Aurora-A were both efficiently coimmunoprecipitated, that the S51A mutation weakened the interaction of AurA-GFP with the phosphatase, and, conversely, that the S51D mutation strengthened the interaction sufficiently that the binding of the endogenous Aurora-A to PP2A-C was efficiently competed ( Figure  2C, right) . Taken together, our data indicate that Aurora-A and PP2A-C interact directly and that phosphorylation of serine 51 of the A box promotes this interaction.
PP2A-C Triggers Aurora-A Degradation
Constructs expressing RNAi sequences directed against Aurora-A or PP2A-C, or control mismatch sequences, were generated as described in Material and Methods, and stable cell lines were selected after transfection. Quantitative Western blot analysis of these cell lines ( Figure 3A ) revealed that ϳ75% of Aurora-A was depleted in AUR(RNAi) cells and ϳ60% of PP2A-C was depleted in PP2A(RNAi) cells, whereas the mismatch constructs had no effect, confirming the specificity of the RNAi. Consistent with the hypothesized role of PP2A in Aurora-A degradation, expression of the kinase was increased by ϳ30% upon depletion of PP2A-C ( Figure 3A) . Interestingly, PP2A-C expression was also slightly diminished upon Aurora-A knockdown. We also performed parallel experiments using transient trans- Figure S1) .
The observed changes in protein-expression levels might have been due to cell-proliferation arrest or an accumulation of the cells in a particular phase of the cell cycle. For instance, blockage in G2/M would presumably result in high Aurora-A expression, whereas blockage in G1 would have the opposite effect. To address this question, we carried out cell-proliferation assays on the various cell lines ( Figure 3B ). We observed that the population doubling times were ϳ48 h for HeLa cells and the two mismatch-construct lines and ϳ96 h for the AUR(RNAi) and PP2A(RNAi) lines. Thus, cell proliferation is dramatically slowed by knockdown of these enzymes. However, flow cytometry analyses revealed similar cell cycle distributions (ϳ30% G2/M cells and ϳ60% G0/G1 cells) in each cell population ( Figure 3C) . Thus, the slower proliferation observed upon PP2A-C or Aurora-A knockdown appears to be due to a general cell cycle delay rather than to an inability of the cells to progress through a particular phase of the cell cycle, in good agreement with other recent data (Liu and Ruderman, 2006) . Thus, the increased level of Aurora-A in PP2A(RNAi) cells probably results from impaired degradation due to the knockdown of phosphatase activity.
Aurora-A/PP2A-C Interaction Is Required for Localization of Both Enzymes to the Cell Poles
To gain insight into the functional significance of the interaction between Aurora-A and PP2A-C, we analyzed the subcellular localizations of these proteins in AUR(RNAi) and PP2A(RNAi) cells. On Aurora-A knockdown, PP2A-C no longer accumulated at the cell poles during prometaphase, metaphase, and anaphase ( Figure 4A ). Centrosomes were still present and could be observed by ␥-tubulin staining ( Figure 4A ), but they formed monopolar spindles typical of Aurora-A inhibition or depletion, as observed also by others (Liu and Ruderman, 2006) . Thus, the recruitment of PP2A-C to the cell poles of normal mitotic HeLa cells depends on Aurora-A. Reciprocally, Aurora-A was not only stabilized as expected in PP2A(RNAi) cells, but it was also delocalized throughout the cells (Figure 4B ), although centrosomes were present at both cell poles, as observed by ␥-tubulin staining.
Aurora-A Stabilization Involves a Decrease in PP2A Enzymatic Activity
The data presented above suggest that the enzymatic activity of PP2A is required for the degradation of Aurora-A. To examine this possibility more directly, we asked if Aurora-A degradation was inhibited by the serine/threonine-phosphatase inhibitor okadaic acid (OA), which has been shown to preferentially inhibit PP2A activity at low concentrations (Bialojan and Takai, 1988) . In these experiments, synchronized cells were treated with 1 nM OA after release from nocodazole arrest in order to avoid any blockage of mitosis entry due to inhibition of protein phosphatase 1, and general cytotoxicity effects were avoided by restricting treatments to 75 min. Samples collected at different times after the release from arrest (time 0) were analyzed by quantitative Western blotting ( Figure 5A, top, and B) . Within 15 min, the total amount of Aurora-A increased by ϳ20% in treated cells; it then remained stable from 15 to 75 min, whereas it decreased in control cells. Stable knockdown of PP2A-C by RNAi had a similar effect ( Figure 5A , bottom, and B), suggesting strongly that the OA effect was due mainly to inhibition of PP2A.
These biochemical data were supported by immunofluorescence studies, where the decrease in Aurora-A levels in control cells and its stability in OA-treated cells were even more obvious ( Figure 5C ). The immunostaining also indicated that Aurora-A was also delocalized from centrosomes throughout the cells by the OA treatment, as described above for PP2A-C(RNAi) cells. In addition, some chromosome-alignment defects were visible in the OA-treated cells, whereas control cells showed normal metaphase and anaphase alignments ( Figure 5C ). This latter observation seems consistent with previously described phenotypes observed when the Aurora-A gene was amplified or when the protein was overexpressed in some cancer cells (Bischoff and Plowman, 1999; Anand et al., 2003) . Littlepage and Ruderman (2002) have shown that either substitution of serine 53 of the A box by a residue mimicking phosphorylation or a single point mutation in the degradation box (D box: RxxLxxVxE) is sufficient to stabilize Xenopus Aurora-A in vitro. The former mutation presumably prevents the unmasking of the D box by dephosphorylation of the A Box. As the R residue of the D box is involved in recognition by the APC/Cdh1 complex, its alteration also prevents degradation. It is likely that the mechanism observed in vitro in Xenopus is general and also takes place in mammalian cells in vivo. To address this question, we transiently transfected CHO cells with constructs expressing either wild-type Aurora-A-GFP or one of two mutant versions, AurA(S51D)-GFP and AurA(R371D)-GFP, and compared the susceptibilities of these proteins to degradation. Consistent with the results obtained in the Xenopus studies, both Aurora-A mutants were present at much higher levels than the wild-type protein throughout the cell cycle in the CHO cells, as judged by the GFP fluorescence intensity (Figure 6 , A-C). Because the efficiencies of transfection were similar in all cases (ϳ35%), we could also compare the protein levels by Western blotting, which yielded similar results ( Figure 6D ).
DISCUSSION
Aurora-A kinase is a crucial and specific regulator of mitotic events whose protein and activity levels are precisely regulated. It has been reported that Aurora-A kinase activity can be modulated by reversible phosphorylation (for review, see Eyers and Maller, 2003) . In particular, Aurora-A is activated at the beginning of mitosis by the LIM protein Ajuba, which promotes Aurora-A autophosphorylation (Hirota et al., 2003) . Before this activation stage, Aurora-A is maintained in an inactive, unphosphorylated state by the protein phosphatase PP1 (Katayama et al., 2001) . Recent work in Xenopus oocytes also emphasizes that Aurora-A activation depends on kinase rather than phosphatase activities (Maton et al., 2005) . In this report, we have shown by immunofluorescence microscopy that Aurora-A and the catalytic subunit of PP2A are colocalized at the cell poles during mitosis and by immunoprecipitation that the two proteins interact within the same complex. These results are consistent with a recent proteomic analysis of interphase human-centrosome components, which reported the presence of PP2A in this organelle (Andersen et al., 2003) . Peptide-competition experiments strongly suggest that the interaction between PP2A and Aurora-A is direct and involves at least a small peptide sequence around phosphoserine 51 in the A degradation box. This conclusion is supported by the observation that the Aurora-A S51D point mutation, which mimics phosphorylation, increases PP2A-C affinity for the kinase.
RNAi knockdown of either Aurora-A or PP2A-C indicated that the interaction between these proteins is required to target both proteins to the cell poles. Dephosphorylation of Aurora-A serine 51 by PP2A also appears to be required for the degradation of Aurora-A at the end of mitosis, as shown by the stabilization of Aurora-A by OA treatment at a concentration that preferentially inactivates PP2A, RNAi silencing of the two PP2A-C subunits in HeLa cells, or the S51D mutation. Taken together, our results support the hypothesis that the interaction between Aurora-A and PP2A is physiologically significant, and is involved in the degradation of the kinase at the end of mitosis.
Silencing either Aurora-A or PP2A resulted in a decrease in cell proliferation. Because both Aurora-A and PP2A are involved in mitosis entry, metaphase alignment, and cytokinesis, it is not easy to ascribe these defects specifically to one of these enzymes. However, our results may provide a molecular basis to explain the similar phenotypes described in the literature whenever either Aurora-A or PP2A-C expression is deregulated (Goepfert et al., 2002; Chen et al., 2004; Meraldi et al., 2004) . If both proteins are segregated within the same complex, overexpression of one of the partners should result in the delocalization of that protein. PP2A inhibition by either OA treatment or RNAi stabilized but also delocalized the kinase throughout the cell. Thus, phosphorylation of serine 51 within the A box may maintain a structural conformation not only unfavorable for recognition by the proteasome complex but also essential for kinase localization. It is possible that the centrosomal localization of Aurora-A may be required for the degradation process by allowing the interaction of the kinase with some mediator(s) of proteolysis.
Finally, although it is well established that Aurora-A kinase is a crucial regulator of mitosis, the role of PP2A has remained unclear. Our data clearly show that PP2A is a key regulator of Aurora-A degradation and generalize the mechanism suggested by the pioneering studies of Ruderman's group in Xenopus. 
